Introduction
Heavy metal contamination is known to be one cause of the deterioration of natural surface water quality. As a result, monitoring metal concentrations in aquatic ecosystems is of great importance for environmental management. However, the content of a metal in water, especially in rivers with a high flow velocity, may reflect only short-term events and does not necessarily mean that biota and sediments are polluted with the metal [1,2]. Thus, periphyton (benthic algal assemblages, also referred to as biofilms) is often used to monitor chronic metal pollution in rivers, since periphytic organisms can accumulate metals from ambient water and sediments in their biomass [3] [4] [5] .
In order to use periphyton as an indicator of metal pollution, it is important to understand variability of metal concentrations in communities from unpolluted sites [2] . The variability is likely caused by seasonal changes in the communities, but most of the surveys of metal contents in periphyton performed one to four samplings per year, and studies on periphyton based on monthly sampling frequencies are rare [5] . Although element content of periphyton is likely dependent on the species composition [6] , the species composition of periphyton is routinely used as an indicator of heavy metal pollution only [5, 7] , and there are no data correlating metal concentrations in periphyton with taxonomic composition of algal community in the available literature.
Thus, the aim of our present work was to study metal concentrations in periphyton at an unpolluted river site to evaluate a possible relationship of metal concentrations with taxonomic composition of the community.
Experimental Procedures

Study area
The Yenisei River is the eighth largest river in the world with respect to mean annual flow (19 800 m 3 s −1 ) and the largest river in Russia. The main hydrochemical and ecological features of the river are given elsewhere [8, 9] . Briefly, the main hydrochemical peculiarities of the Yenisei are low turbidity, low salinity (approximately 100 mg L −1 ), 100% dissolved oxygen, and an organic carbon concentration of approximately 10 mg L −1 . The sampling site was located in the middle stream of the river (55°58′N, 92°43′E) downstream of the Krasnoyarsk Hydroelectric Power Station dam and upstream of Krasnoyarsk city (Figure 1) . Detailed hydroecological description of the site is given elsewhere [10, 11] . Briefly, the character of the river is mountain-like, and the banks are rocky and covered with taiga. The riverbed is 0.5 km wide with a current velocity of up to 2 m s −1 . Nutrients concentrations in the water are low. The average concentration of total phosphorus is 0.0177±0.0037 mg L -1 , of mineral phosphorus is 0.0141±0.0042 mg L -1 , of nitrates is 0.415±0.042 mg L -1 , and of nitrites is 0.00028±0.00021 mg L -1 (T.I. Ilyashevich, Ju.I. Bayanova, unpublished data). The pH is approximately 7.0. The surface of the river is ice-free throughout winter due to discharge of deep warm waters from the upstream reservoir. The water temperature ranged 5-14°C and 0-5°C in springsummer and autumn-winter, respectively. There are no canopy trees that shade the station. The catchment here is little affected by human activity. The sampling site is typical of the middle stream of the Yenisei River. This region is underlain by metamorphic bedrocks, predominantly granite, sandstone, marl and limestone. The terraces and flood-plain of the Yenisei River valley are made of alluvium that consists of loam, grail and pebbles [12] . Chemical composition of rocks includes sodium, potassium, calcium, iron and magnesium aluminosilicates, silicon oxide and calcium carbonate [www.webmineral.com].
Field Sampling
Samples were taken monthly from August 2005 to December 2007. River water samples were taken from the surface with plastic flasks rinsed with river water prior to sampling.
For periphyton (epilithic biofilms) sampling, a 10×10 cm frame was placed on the river floor, pebbles inside the frame were removed, and periphyton was collected by brushing it off the surface of pebbles with a tooth brush and suspending it in 350 mL of river water. Pebbles were taken from 0.1 -0.5 m depth. Three to 18 replicates (frames), depending on periphyton biomass, were sampled at each sampling date, and the pooled samples were used for metal concentration analysis. Five mL of each pooled periphyton sample were fixed with Lugol's iodine solution and used for microalgae microscopic counting and identification.
Microalgae Identification and Counting
Microalgae were counted and identified under an inverted light microscope (Biolam, LOMO, Russia). Large diatoms (e.g. Didymosphenia, Cymbella, Ceratoneis) and green alga Ulohtrix zonata were counted at a magnification of 200x. All smaller algae were counted at 400×. Microalgae were identified according to published guidelines [13] [14] [15] [16] [17] [18] . To calculate the biovolume (wet mass) of algae, they were equated to appropriate geometrical shapes (or their combinations), and relevant sizes were measured using an ocular micrometer. The median cell volume for each species was used for conversion of cell numbers to volumes [19] . Wet weight biomass was then calculated assuming a specific density of 1 g cm −3 . 
Chemical Analysis
Water samples for the metal analyses were filtered through a plankton net (mesh size 150 µm). Since Fe, Mn, Zn, Cu, Ni, Pb, Co and Cr concentrations in water were low, samples were concentrated 20 times through a digestion procedure prior to measurement. Periphyton suspensions for the analysis of metal contents were centrifuged and dried at 105°C for 24 h. To reduce interference by organic matter and to convert metal associated with particulates to a form that can be determined by atomic absorption spectrometry, a nitric acid : perchloric acid (1:1) treatment [20] was used for both water and periphyton samples.
All reagents used were of high quality grade (ChimReaktiv, Russia). A full procedural blank was analyzed with each set of water and periphyton samples. Each of the samples was analyzed in duplicate. Quality control of the analytical procedures was performed by analyzing Russian Federal standards of water metal solutions (GSO). Percent recoveries for metals were 90% for K and Na, 80% for Ca and Mg, 95% for Pb, Cr, Ni, Zn, Fe, Mn, Cd, Co, and 98% for Cu.
Measurements of Na and K were made by flame photometry with FLAPHO-4 (Carl Zeiss, Jena). Ca, Mg, Fe, Mn, Zn, Cu, Ni, Pb, Co, and Cr were measured by atomic absorption spectrometry using atomic absorption 
Statistics
Multivariate canonical correlation analysis (CCA) was performed conventionally [21] using STATISTICA software version 6.0 (StatSoft, Inc.).
Results
Several metals in water had comparatively regular seasonal concentration patterns during the three-year study (Figure 2 ). Both Fe and Mn had annual maximum levels in August -September (Figure 2) . Concentrations of K in water were relatively constant during the study period. Na and Mg concentrations were mostly constant, except for a variation in December 2006. Ca levels were also generally constant, except in September and (Figure 3) . Mn, Cu, Ni and Co had higher concentrations in periphyton at the beginning and at the end of each year, and in summer the concentrations of these metals regularly decreased (Figure 3) . Concentrations of Pb, Na, Ca and Mg in periphyton had no regular seasonal patterns (Figure 3 ). There were no significant correlations between concentrations of the each metal in water and in periphyton.
Microscopical analysis showed that periphyton (epilithic biofilms) mainly consisted of microalgae and cyanobacteria. Heterotrophic bacteria and small ciliates were a negligible component of the periphyton samples. The species composition of periphytic microalgae and cyanobacteria had a regular seasonal dynamic (Figure 4) . During most of the study period, diatoms of the genera Didymosphenia, Gomphonema, Cymbella, Ceratoneis, Rhoicosphenia, Diatoma, Cocconeis and Navicula dominated in the periphyton community (Table 1 ). The abundance of Chlorophyta Ulothrix zonata peaked in April -May, and of Cyanobacteria Oscillatoriacea in October -December (Figure 3 , Table 1 ). The algal biomass had regular seasonal patterns with peaks in April -May (up to 1989 g m −2 ), when U. zonata was predominant, and minimums in October -January (down to 0.1 g m −2 ). To reveal a possible correlation between seasonal dynamics of metal concentrations in periphyton (Figure 3 ) and taxonomic composition of the epilithic algal community (Figure 4) , a multivariate canonical correlation analysis (CCA) was performed. Metals with no regular seasonal patterns in periphyton concentrations, Pb, Cr, Na, Ca and Mg (Figure 3) , were excluded from CCA. Results are shown in Table 2 and Figure 5 and total redundancy, especially by the left set, also indicated a strong relationship between the two sets of variables, i.e., between concentrations of the metals in periphyton and taxonomic composition of the algal community (Table 2) . Regarding factor loadings ( Table 2) , Chlorophyta and cyanobacteria showed the highest association with the left canonical variable, while diatoms contributed with less significance. The right canonical variable was more common with K, Co and Ni, and less common with the other metals ( Table 2) . Thus, the significant canonical correlation R 1 between the two sets of variables, i.e., concentrations of the metals in periphyton and taxonomic composition of the algal community, was mostly due to interactions between Chlorophyta and K, and also between Co, Ni and cyanobacteria (Table 2, Figure 5 ). The second and the third canonical roots were insignificant (Table 2 ).
Discussion
Aquatic metal concentrations at the Yenisei River study site were similar to or lower than those in many other unpolluted rivers. Concentrations of Cu, Ni and Pb were practically the same as those reported for many unpolluted rivers [22] [23] [24] . Even the maximum concentration of Cu in the Yenisei water was 2.5 times less than limit of tolerance of highly sensitive stream algae [25] . The concentration of Zn in Yenisei water was about three times less than in some other unpolluted rivers [22, 23] , except for a South American river which had a very low Zn concentration [24] . In a Spanish river, concentrations of K, Na, Ca and Mg were about one order of magnitude higher than those detected in the Yenisei site [26] , but aquatic concentrations of these metals in an undisturbed North Carolina forest stream were two-to four-fold less than those in the Yenisei River [27] . Average concentrations of all the metals in water of the studied site of the Yenisei river, situated upstream of Krasnoyarsk city, in general were lower, than Russian federal upper limits of concentrations. In contrast, some rivers in Krasnoyarsk city had anthropogenic pollution of heavy metals and did not meet the Federal standards [28] .
Concentrations of metals in the surface waters are affected by releases from catchment pools and often have seasonal variability [29] . Aquatic concentrations of Pb and Zn in the Yenisei River had annual variations of about one order of magnitude (Figure 2) . Similar annual variations were observed in a stream in Northern England [29] . In contrast, concentrations of K, Na, Ca and Mg in the Yenisei River had comparatively low seasonal variability, with a few exceptions (Figure 2) , similar to some other unpolluted rivers and streams [26, 27] .
It is known that temperature, light and nutrients affect algal growth and community structure [30] . Spring peaks of Chlorophyta biomass in the Yenisei River appeared following a flood, apparently as a result of higher nutrient concentrations in the water.
The seasonal metal concentration variations in Yenisei water did not appear to affect any relevant variations of their contents in periphyton, since there were no significant correlations between contents of the same metals in water and in periphyton (Figure 2 and Figure 3 ). In contrast, previous studies have reported significant correlations between Cu and Zn concentrations in water and biofilms in polluted stream ecosystems of Montana, where concentrations of the heavy metals were significantly higher than those in the , right set of canonical variables) and taxonomic composition of algal community (% of a given group in total biomass of epilithic microalgae, right set of canonical variables). See Table 2 Yenisei River [4] . Using pooled data from unpolluted and polluted sites, a significant correlation was found between Cu and Zn contents in water and in periphyton in the Birs River, but there were no such correlations for the Thur River with only background levels of metals [3] . It is likely that periphyton reflects aquatic metal concentrations in polluted rivers only, while in unpolluted sites metal concentrations in biofilms are primarily affected by other factors, including species composition.
Concentrations of Mn, Ca, Cr, Fe, Ni in Yenisei periphyton were below median values for periphyton, primarily diatomic, of 15 European rivers, while contents of K, Zn, Cu, and Pb in periphyton of the Siberian river were close to lower levels of these elements in periphyton of the European rivers [6] . In periphyton of an unpolluted site of the Birs River (Switzerland), Cu and Zn ranges were practically equal to those in the Yenisei River [3] . In biofilms, primarily diatomic, in the polluted Riou Mort River (France) concentrations of Zn were one to two orders of magnitude higher than those in Yenisei biofilms [5] .
Although the biofilms appeared to consist of a variety of organisms including algae, bacteria and invertebrates, the biomass of heterotrophic components were negligible compared to that of autotrophs, microalgae and cyanobacteria. As a result, we consider periphyton biomass to consist of microalgae and cyanobacteria. It appears the seasonal concentration changes of some metals in periphyton that occurred in the unpolluted site of the Yenisei River were related to species (taxonomic) composition of periphytic microalga and cyanobacteria (Table 2, Figure 5) , rather than to concentration variations of these metals in water. Enhanced levels of Ni and Co in periphyton in late autumn -winterearly spring ( Figure 3) were evidently caused by the predominance of cyanobacteria in the periphytic community ( Figure 4) . Ni is required for hydrogenase (hydrogen-metabolizing/producing enzyme) activity of Cyanobacteria [31] . Cyanobacteria form a group of oxygenic photoautotrophic prokaryotes, many of which have the ability to produce hydrogen [32] . Cyanobacteria require Co for cobalamin synthesis [33] . Prokaryotes, but not eukaryotes, are able to synthesize cobalamin (vitamin B12) [34] . Cobalamin is an essential cofactor for enzymes that catalyze a variety of transmethylation and rearrangement reactions [35] .
Similarly, the annual maximum levels of K in periphyton in late spring -early summer (Figure 3) can be attributed to the domination of Chlorophyta, primarily Ulothrix zonata (Figure 4) . It is well known that potassium stimulates starch synthesis [36] . Starch is the main storage compound of higher plants and green algae, whereas diatom algae and cyanobacteria contain chrysolaminarin and glycogen, respectively [37, 38] . The structure of green algae (Chlorophyta) plastids resembles that of plastids in higher plants [39] . Previous work has demonstrated that potassium deficiency in higher plants can lead to poor chloroplast ultrastructure [40, 41] .
Conclusion
The differences in metal contents of the taxa of phytoperiphyton are likely caused by physiological and biochemical differences of the species of diatoms, Chlorophyta and cyanobacteria. Thereby, when studying the relationship between metal concentrations in water and in periphyton, or comparing different sites, species composition of the algal community should be taken into account.
